ABSTRACT
INTRODUCTION
Crystallization is a significant separation, purification and particle technology used in various life science industries including pharmaceuticals, foods and fine chemicals, etc.
Crystallization is known as the crucial process in order to obtain high quality of solid products including purity, polymorphism, shape, size and size distribution, etc [1] [2] [3] .
Even though the crystallization has a long history, it has not been well understood because the different material has different fundamental crystallization phenomenon including nucleation, crystal growth, agglomeration/ breakage, polymorphism, etc. In crystallization, polymorphism is a very interesting phenomenon, where the solid product can exist in more than one crystal structure because of a varied conformation and arrangement of molecules in a crystal lattice. Polymorphism is very common phenomenon especially for the organic compounds, where at least 50% of organic drug has polymorphism. Since the different crystal structure has a different physical-chemical property including bioactivity, stability, solubility, hardness, etc, controlling polymorphism become a vital issue in any pharmaceutical crystallization process [4] [5] [6] .
Since the conformation and packing of molecules in solution directly depended on the fluid hydrodynamic in crystallizer, the fluid hydrodynamic is certainly considered as the key factor to control the selective and phase transformation of polymorphism [7] [8] [9] . For example, Sypek et al [7] reported that the stable phase of carbamazepine was selectively obtained in stirred crystallization, whereas the unstable phase was preferably crystallized in a stagnant crystallization. As regards the phase transformation, Davey et al [8] indicated that the completed phase transformation of 2,6-dihydroxybenzoic acid from unstable to stable phase required at least 20 days in a stagnant crystallization, but it was significantly reduced to only 2−3 days in stirred crystallization. A similar phenomenon was observed in case of taltireline crystallization, where the agitation speed was attributed to promote the phase transformation of unstable phase to stable phase [9] , etc.
Our patent Couette-Taylor crystallizer is known as the unique crystallizer which has an effective fluid hydrodynamic that is called the Taylor vortex flow. Couette-Taylor crystallizer has been widely applied in various crystallization processes including batch and continuous system for many organic and inorganic compounds. In addition, the flexibility of Couette-Taylor crystallizer is also demonstrated when it can be applied for varied crystallization techniques including the reaction, anti-solvent and cooling crystallization, etc [10] [11] [12] [13] [14] [15] [16] . In the polymorphic organic and inorganic material crystallization, the Couette-Taylor crystallizer has been already applied in order to control the selection and phase transformation of polymorphic crystal. For instance, Nguyen et al [10] [11] [12] [13] [14] [15] indicated that the phase transformation of guanosine 5-monophosphate from amorphous phase to crystalline hydrate phase was significantly facilitated over 5.0 times as using the Couette-Taylor crystallizer compared to that
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in the conventional stirred tank crystallizer.
Moreover, Lee et al [16] reported that the stable phase of sulfamerazine crystal was more favorably performed as using the CouetteTaylor crystallizer compared to that in the conventional stirred tank crystallizer, etc.
Amino acids are valuable materials which have a wide application in various products including pharmaceutical, food, fine chemical, agricultural, cosmetic, etc. Almost amino acid crystal products have polymorphism such as Lglutamic acid, L-histidine, Glycine, L-lysine, etc. In our current work, the amino acid Lglutamic was chosen as a model crystal product to demonstrate the effectiveness of CouetteTaylor crystallizer in controlling polymorphism of amino acid. It is well known that L-glutamic acid crystal has two kinds of polymorphic crystal including the unstable phase α-form and stable phase β-form crystal, in which the unstable phase α-form transformed into the stable phase β-form crystal during crystallization. In case of L-glutamic acid crystallization, Kitamura et al [17] reported that the selective polymorphism of unstable phase α-form was successfully obtained when the solution was agitated, whereas a polymorphic mixture of α-form and β-form crystal was crystallized in the stagnant solution. Florence et al [18] also indicated that the selective polymorphism of stable phase β-form crystal was performed as using the oscillatory baffled crystallizer, etc.
Although the crystallization of amino acid Here, the CT and ST crystallizer with 400 ml working volume were operated under the same crystallization conditions. During cooling crystallization, the temperature of both Here, the shape and structure of crystal product were monitored and confirmed by Video microscope and XRD patterns (M18XHF-SRA, Japan), respectively, while the crystal fraction of β-form was detected by the FT-IR spectroscopy [21] . During cooling crystallization, the solution temperature was continuously monitored by using the temperature indicator (Korea). In cooling crystallization of L-glutamic acid, the solid product might exist in one of two crystal structures that were known as the unstable phase α-form and stale phase β-form crystal. As shown in Figure 2 , the shape of α-form crystal was obviously different from the shape of β-form crystal, in which the shape of α-form and β-form were prism and needle, respectively. Moreover, due to the difference of conformation and packing molecules in crystal lattice, the difference of crystal structure of two polymorphs could be confirmed via the FT-IR spectroscopy, where the spectroscopy showed a difference in characteristic peak between α-form and β-form crystal. Here, the characteristic peak of the α-form crystal was 2129 cm -1 , while it was 2080 cm -1 in case of β-form crystal, as shown in Figure 2 , meaning that α-form and β-form crystal have distinguished crystal structure and physical-chemical properties. As such, the solid product of L-glutamic acid including pure α-form, pure β-form and mixture of α-form and β-form could be defined as using the FT-IR spectroscopy [21] .
RESULTS AND DISCUSSION
Characteristic of Taylor vortex flow in
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In general, the α-form crystal was crystallized in cooling crystallization and after that it was slowly transformed into the β-form crystal via the solvent-mediated phase transformation mechanism. Here, the α-form crystal initially dissolved into the solution to generate the supersaturation for the nucleation of β-form crystal that was then epitaxially grown on the surfaces of α-form crystal. The phase transformation of α-form to β-form crystal completed after all the α-form crystal had dissolved and the β-form crystal suspended in the equilibrium solute concentration of β-form solubility. As regards the β-form crystal products, the completed phase transformation might take a long crystallization time even beyond a week. As such, it was revealed that the fluid hydrodynamic in crystallizer played a key role since it directly impacted on the dissolution of α-form crystal, nucleation and growth of β-form crystal. The morphology of L-glutamic acid polymorphism was also monitored, as shown in Figure 4 . When the crystallization was carried out at low intensity Taylor vortex flow as Ta=1034<3000, the solid product had only the prism shape in a range of crystallization time as 1<t<3 hour corresponding to the pure α-form crystal product. Yet, the mixture morphology including prism and needle shape were observed at crystallization time of 6 hour corresponding to the mixture of α-form and β-form crystal product (Figure 4(a) ). When increasing the intensity Taylor vortex flow beyond Ta=10335, the solid product had the mixture shape of prism and needle at crystallization time of only 1 hour, indicating the mixture of α-form and β-form crystal product. However, the only needle shape of pure β-form crystal was observed at crystallization time of only 6 hour, as depicted in Figure 4(b) . As such, the microscope observation matched well with the crystal fraction result mentioned in Figure 3 .
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In order to clarify the effect of crystallization time and intensity Taylor vortex flow on the polymorphism of L-glutamic acid in cooling crystallization, the data of Figure 3 was re-organized and illustrated in Figure 5 . Here, it was revealed that the crystal fraction of β-form increased as increasing the crystallization time, meaning that the β-form crystal was favorably performed when the crystallization time was prolonged. However, the crystal fraction of β-form was always less than 100%wt in a range of crystallization time as 1<t<6 hour when the intensity fluid hydrodynamic was varied as 1034<Ta<4134 ( Figure 5(a) ), implying that the pure β-form crystal was only obtained at high intensity Taylor vortex flow such as Ta>6000.
As regards the effect of intensity Taylor vortex flow, the crystal fraction of β-form quickly increased as increasing the intensity Taylor vortex flow and approached 100%wt at Ta=6000 and crystallization time of 6 hours ( Figure 5(b) ). As such, the β-form nucleation and phase transformation of α-form to β-form crystal strongly depended on the fluid hydrodynamic in crystallizer. Since the 300 rpm of inner cylinder in CT crystallizer corresponded to Ta=6000, it was indicated that the pure β-form crystal could be obtained at a moderate crystallization condition such as rotation speed of 300 rpm and crystallization time of 6 hours.
As described in above section, the intensity fluid hydrodynamic played a key role to impact on the β-form nucleation and phase transformation of α-form to β-form crystal.
Thus, the effect of intensity fluid hydrodynamic on the nucleation and phase transformation should be investigated. Based on the mechanism of two-step nucleation that was reported by Myerson et al [22] , the solute molecules were initially aggregated to form a disorder structure of cluster that had a random arrangement of molecules, but this disorder structure of cluster was then progressively restructured to form an order structure which became a specific polymorphic crystal. As such, the shear stress of fluid hydrodynamic might attribute to the restructure stage to determine the formation of polymorphic crystal, as shown in Figure 6 Re 41.2 27.2 2.8 As such, the shear stress and mass transfer of Taylor vortex flow in CT crystallizer could be estimated via the (1) and (2) . As shown in Figure 7 , the shear stress and mass transfer of Taylor vortex flow in CT crystallizer obviously increased as increasing the intensity fluid hydrodynamic, meaning that the higher intensity Taylor vortex flow provided the higher shear stress, so the β-form nucleation was promoted, leading to enhancement of the crystal fraction of β-form in the solid product (Figure 3-5) . Plus, the higher intensity of Taylor vortex flow also provided the higher mass transfer rate, so the dissolution rate of α-form and growth rate of β-form crystal would be more facilitated, implying that the phase transformation of α-form to β-form crystal was more accelerated as increasing the intensity fluid hydrodynamic, which resulted in an increase of the crystal fraction of β-form in the solid product, as depicted in Figure 3 Thus, as using the (2) and (4), the mass transfer of fluid hydrodynamic in both CT and conventional ST crystallizer was estimated and compared.
As shown in Figure 8 Thus, the phase transformation of α-form to β-form crystal were much more facilitated as using the CT crystallizer than that in the conventional ST crystallizer. The above result matched well with the previous result reported by Khuu et al [24] , where the induction time of β-form and reconstruction time of phase transformation were significantly reduced at least 2.0 times as using the CT crystallizer compared to the conventional ST crystallizer.
CONCLUSION
The present study found that the intensity 
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